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はしがき 
 
 本研究では，独自の計測法によって本研究者が発見した「大動脈弁が閉鎖するタイミン
グに，自発的に発生したパルス状振動が心筋を伝搬する生理学的な現象」をさらに詳細に
計測し，振動モード・伝搬速度の内圧依存性・周波数分散性・１拍の中での他のタイミン
グにおけるパルス状振動の有無，などの現象を明らかにし，100Hz までの成分を有するパ
ルス状振動の伝搬現象を解明し，心臓生理学，循環器病学等の分野に貢献することを目的
として行われた． 
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本研究の概要 
  
【本研究の目標】 
 心筋梗塞・拡張型心筋症(HCM)など致死性の高い心臓疾患では，心臓壁を構成する心筋の
拡張特性に早期段階に障害が出ると言われている．本研究では，(1)その心筋の拡張特性に
関する非侵襲的診断法を確立することを目的とする．(2)そのための手段として，心筋の粘
弾性率に関する断層像を描出するための計測手法を確立する必要がある．この計測には，(3)
本研究代表者が，独自の計測法によって発見した「大動脈弁が閉鎖するタイミングに，自
発的に発生したパルス状振動が心筋を伝搬する生理学的な現象」を利用するが，本研究で
は，その現象をさらに詳細に計測し，その振動モード・伝搬速度の内圧依存性・周波数分
散性・１拍の中での他のタイミングにおけるパルス状振動の有無，などの現象を明らかに
し，100Hz までの成分を有するパルス状振動の伝搬現象を体系的に解明し，電気計測学，
超音波医工学，心臓生理学，循環器病学，レオロジーなどの学問分野に貢献することを目
標とする． 
  
【本研究の学術的意義】 
 本研究者は，独自の計測法を開発し(IEEE Trans. on UFFC. 1996 年，1997 年，アメリカ合
衆国特許(Patent No. 5,840,028, 1998 年登録))，その計測システムを構築することで，「心臓壁
にパルス状振動が伝搬する現象」を発見している．今まで全く観察されることのなかった
この現象に関して，本研究では，さらに計測上の様々な問題点を解決して循環器疾患の診
断に役立てるとともに，新しい現象による心臓生理学の体系化を図る．これによって，(1)
不整脈における刺激伝導・興奮の旋回路の同定，(2)心筋梗塞による壊死心筋領域の同定，
(3)拡張型心筋症における心筋の配列の乱れ(錯綜配列)の同定などの点から，心臓疾患の非
侵襲診断の高精度化に貢献する．これらの成果は，臨床医学的な意義も大きい． 
  
【本研究の位置づけ】 
 従来，心臓の非侵襲的診断方法には，超音波エコー法・核磁気共鳴(MRI)などがあり，形
態情報・収縮機能・心腔内の血流分布・心臓のポンプ機能の診断が行われている．最近で
は，心筋の収縮機能・拡張特性を非侵襲的に計測することが可能となっている．しかし，
これらすべての手法の観察対象は，医師の肉眼によって確認できる程度の，拍動に伴うゆ
っくりした動きであり，周波数成分は数Hz程度までの低周波成分のみ，振幅も数百ミクロ
ン以上の大きなものを対象にしているに過ぎない．また，ヒト心臓において，粘性率を非
侵襲的に定量計測した例はない． 
 一方，申請者は，独自に開発した超音波計測方法によって，「大動脈弁が閉鎖して心II音
が発生するタイミングに，約150Hzまで含むパルス状振動が，心室中隔壁上を伝搬する現象」
を見出している．これは世界で初めて得られた結果であり，従来の医療診断の中でまった
く得ることができなかった新しい情報を用いた学問領域の開拓に繋がることが期待される． 
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【従来の本研究者による研究経過】 
(1) 本研究者は，食道内にセンサを挿入し心音を計測し，独自のスペクトル解析により，
心臓疾患の定量的診断法を開発した．しかし，被験者の食道内へのセンサの挿入が容
易ではなく，また心音には空間分解能がないという問題点が生じた． 
(2) そこで，拍動で大きく動く心筋内の各点の振幅±数μmの微小振動を，体表から超音波
で計測する新しい超音波計測法を開発した．また，リアルタイム化も実現している．
心室中隔壁の振動速度波形を計測したところ，5拍分を重ねてみると再現性が良いこと
がわかった．また，右心室側と左心室側で計測された速度波形の振幅差から心臓壁の
厚み変化を推定できる．このように非常に精度の高い計測が世界で初めて可能となっ
ている． 
(3) この計測法を動脈壁に適用し，十数mm離れた2点で同時に壁振動を計測し，圧力波の
伝搬速度を算出し，動脈壁の弾性値を評価した．また，加振により高周波成分をもつ
パルス波を伝搬させ空間分解能を向上させた． 
(4) さらに，1拍中で生じる心臓壁の数百μmという厚み変化を計測し，心筋の収縮機能のin 
vivo評価に成功している．また，超音波ビームの限定走査によって，心臓壁複数点での
微小振動の同時計測法を開発している． 
(5) この手法を動脈壁の病変部位の一拍内での数十μmという厚み変化の計測に適用し，弾
性特性に関する断層像を描出できる装置の開発を行っており，さらに血管壁の電子染
色に関する研究を行っている．また，早期診断を目指し，ニトログリセリンに対する
血管反応性の高精度超音波連続計測法を開発している． 
(6) 心筋の1拍内における厚み変化と心筋の収縮機能を，高い空間分解能で計測するための
手法を開発した． 
(7) 心臓壁をパルス状振動が伝搬する現象をイメージングするための方法を検討している．
しかし，パルス状振動を高精度に計測するには，①本研究でテーマに掲げた計測上の
様々な問題点を解決する必要があるとともに，②その上で，データを多方面から収集・
解析して心臓生理学を体系化することが必要である．③さらにパルス状振動のモデル
化によって，位相速度から粘弾性率を決定することの妥当性などの基礎実験を行う必
要がある． 
  
【本研究の準備状況等】 
1. 本研究者は，IEEE Trans. on UFFC(1993, 1996, 1997, 1999)において，超音波を用いて，拍動
で大きく動いている心臓・動脈壁の位置を追跡した上で，心臓・動脈壁内に設定した各点
の速度波形を高精度に計測できる『位相差トラッキング法』を提案し，その計測装置を開
発した(本研究の基盤技術)． 
2. この計測方法を用いて，心筋内の振幅数ミクロンの微小な振動波形を計測した結果，1心周
期内に複数個の顕著なパルス状の波形が観察でき，特に収縮末期から等容性拡張期に発生
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するパルス状波形の生理学的な意味を様々な実験から考察した．この波形は，従来の超音
波診断装置では検出できない． 
3. さらにこの計測法を拡張し，心臓壁内に設定した約240点各々の振動波形を体表から同時に
計測することを可能とした．その結果，特に収縮末期から等容性拡張期において計測され
た鋭いパルス状が，大動脈弁の付け根から心尖部に沿って伝搬する現象をイメージングす
ることに成功した．本研究ではさらに計測を高精度化し，心筋粘弾性特性を推定する． 
  
【成果の概要】 
 本研究では以下の研究成果が得られた． 
  
1. 心筋の粘弾性特性の断層像の非侵襲的描出法の検討．超音波ビームを限定して走査し
心臓壁内に設定した数千点で，微小振動を同時に計測する手法を開発し，振動にフー
リエ変換を施して，振動が心臓壁上を伝搬する際の時間遅れに相当する位相を算出し
断層像を描出した．さらに位相遅れの空間分布から，位相速度を決定し，伝搬速度の
周波数分散特性を算出した．振動の伝搬モデルとしてラム波を採用し，計測結果との
整合から心筋の粘弾性特性を決定した． 
2. 以上の処理プロセスを独自の計測システムとして実現した． 
3. 心臓のファントムとして，弾性球殻をシリコーンゴムにより作製し，加振器によって
パルス状振動を伝搬させ，上記の手法を適用したところ，機械的試験によって得られ
たシリコーンの粘弾性値と比べ，10％以内の誤差で粘弾性が推定できることを確認し
た． 
4. 健常者 5 名へ適用し，大動脈弁が閉鎖するタイミングに自発的に発生したパルス状振
動の計測を行い，心筋を伝搬する速度に関して同一被験者の拍間に十分な再現性のあ
ることが確認された． 
5. 健常者 5 名に関し得られた粘弾性値が健常な被験者間の差が 20％程度であることを確
認した．また，粘弾性値の時間的遷移が，5 名の被験者に関してほぼ同一であることを
確認した．また，文献値には動物の心筋に関するものしかなかったが，イヌの心筋に
関して計測された弾性値，粘性値とほぼ同一の値が得られた． 
6. 心臓疾患患者⒑名への適用(陳旧性心筋梗塞の患者)したところ，患部でパルス状振動の
振幅が減少し，伝搬速度も減少していた．患部において減衰が増加すること，伝搬速
度が減少することは，別途縦波を用いた超音波顕微鏡による結果とも一致しており，
横波による組織同定の重要性が裏付けられた． 
7. 以上，本研究者によって発見された心臓壁内を振動が伝搬する現象に関し，健常者と
患者における計測を行い，臨床の現場で充分利用可能なシステムを構築し，臨床診断
の可能性を示す貴重な結果を得た． 
 
詳細に関しては，次ページ以降に示す． 
9
???????????????????????
???????????????????????
????????????19?2?
??????????
????????????????
?????????????????
44
? ?
1 ?? 1
1.1 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 ????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2 ??????????????????????? 4
2.1 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 In vivo????????????? . . . . . . . . . . . . . . . . . . . . . 5
2.3 ????????????????????????? . . . . . . . . . . . 6
2.3.1 ??????????????????????????? . . . . 6
2.3.2 ?????????? . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3.3 ?????????????? . . . . . . . . . . . . . . . . . . . . 10
2.3.4 ?????????????????????? . . . . . . . . . . 10
3 ?????????????????????? in vivo?? 14
3.1 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2 ??????????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.1 ???R???? in vivo???? . . . . . . . . . . . . . . . . . . 16
3.2.2 ??? II???? in vivo???? . . . . . . . . . . . . . . . . . . 19
i
45
3.2.3 ???R?????? II?????? 2???????????? 22
3.2.4 ???R???? 2???????????? . . . . . . . . . . . 27
3.2.5 ??? II???? 2???????????? . . . . . . . . . . . 35
3.2.6 ???????????????????? . . . . . . . . . . . . . 37
3.3 ???????????? . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3.1 ???R???? in vivo???? . . . . . . . . . . . . . . . . . . 41
3.3.2 ???R???? 2???????????? . . . . . . . . . . . 45
3.3.3 ??? II???? in vivo???? . . . . . . . . . . . . . . . . . . 51
3.3.4 ??? II???? 2???????????? . . . . . . . . . . . 54
3.4 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4 ????????????????????????? 58
4.1 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2 ?????????????????????? in vivo?? . . . . . . . 58
4.2.1 ???R???? in vivo???? . . . . . . . . . . . . . . . . . . 59
4.2.2 ???R???? 2???????????? . . . . . . . . . . . 61
4.2.3 ??? II???? in vivo???? . . . . . . . . . . . . . . . . . . 66
4.2.4 ??? II???? 2???????????? . . . . . . . . . . . 68
4.3 ????????????????? . . . . . . . . . . . . . . . . . . . . 71
4.3.1 ???R?????????????????????? . . . . . 71
4.3.2 ??? II?????????????????????? . . . . . 73
4.4 ???R??????????????????????? . . . . . . . . 75
4.5 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5 ?? 78 83
ii
46
? 1 ?
??
1.1 ??????
??, ??????????????????????, ?????????????
????????????????????. ???????????????????
?????????????????, ??????????????????????
???? [1], ???????????????????. ???????????, ??
??????????, ??X?, X ?CT, ?????????????????. ??
?, ???????????????, ??????????????????????
???????, ??????, ?????????, ?????????, ??????
????. ??X?, X?CT??????????. ??????????, ?????
? (1)???????, (2) ????????????????????????????
?????????????.
????????????????, ???????????????B?????M
??????????????????????????????, ??????????
??????????????????, ????????. ??, ??????????
?? (Tissue Doppler Imaging: TDI)?????, ??????????????????
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??, ?????????????????????????????????????
?????? [2]. ???, ????????????????????????????
?????????????????????????. ??????????????
??????????????????????????????, ?????????
???????????????????????????????.
1.2 ?????
?????????????????????????????????? [2, 3, 4, 5,
6, 7]. ????????????????????????????????, ????
????????????????????????????????????????
???????????????, ??????????????? (???????) ?
200 Hz???????? [2]. ???, ???????????????????????
?, ?????????? 10 ms ??????????? [8], ????????????
??????? 1-2 ms ??????? (???????> 500 Hz)??????????.
????????????, ???????, ??????????????????
??????????????????, ?????????????????????
???????????, ??????????????????????? μm??, ?
?Hz?????????????????????????????????? [9, 10].
1.3 ??????
????????, ????????????????????? R???????
? II???????, ?????????????????????????????
????????? B????????????? (????????) ?, ? 600 Hz
2
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(= 1/(1.7 ms))???????????????????. ?????????????
???????????????????????????????????????,
????????????????????????????????, ???????
??????????????????????????????.
1.4 ??????
???? 5??????.
? 1???, ????????????, ????????????????.
? 2?????????????????????????????????????.
? 3???, in vivo???????????????????????????????
?, ?????????????????. ??????????????????, ??
??????????????????.
? 4???, ????????????????????, ??????????????
????????.
? 5???????.
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? 2 ?
???????????????????
????
2.1 ??
?????????, ???????, ?????????????????????
???????????????, ????????????????????????
????????, ??????????????????????? μm??, ??Hz
?????????????????????????????????? [9, 10].
????, ????????????????????? R????? II?????
??, ?????????????????????????????????????
???. ??, ?????????????????????????????????
? [9, 10]????, ???????????????????????????????
?, ??????????????????????????????????.
??????????????, ??????????????????, ?????
??????????????????????. ?????????????????
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?????, ???????????????????, ??????????????
????????????.
2.2 In vivo?????????????
? 2.1??????, ??????? (SSD-6500: ALOKA?) ? 3.75 MHz ????
????????, ????? (? 2.1(a))??????????????????? (?
2.1(b))?????. ????? (? 2.1(a))????????, ??????????? (?
??)???, ???????? (? 2.1(b))????????????????RF???
????????.
apex
side
base
side
ultrasonic
beam
apex
side base
side
Ao
IVS
RV
RF acquisition area
LV
LA
PW
Ao
LV
RVIVS
(a) long-axis view (b) apical long-axis view
LAPW
? 2.1: (a) ?????????RF??????. (b) ???????????RF???
???.
????? (? 2.1(a))??????????????????????????, ???
??? 20 ?????, ????? 5????????? 5.6????????????,
? 600 Hz??????????????. ???????? (? 2.1(b))???????
?????, ?????? 15?????, ????? 8????????? 2.2????
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???????, ??????????????????????? (500-600 Hz)???
??. RF ????????????? fs = 15 MHz???, ???? RF??????
?????????????.
2.3 ?????????????????????????
2.3.1 ???????????????????????????
? 2.2: ??????????????????????? [9].
? 2.2??????, ???? ω0 = 2πf0??????????????ΔT ????
?????????????????????????, ??? c0, ?????????
??????? τ ????, ?? x(t)??????? y(x; t)??????? θ(x; t)???
??????. ?? c0?????? 1,540 m/s?????.
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θ(x; t) = 2ω0τ(t) = 2ω
x(t)
c0
(2.1)
???, ΔT ???????????? 2?????? y(x; t)? y(x; t + ΔT ) ????
?Δθ(x; t)?????????.
Δθ(x; t) = θ(x; t + ΔT )− θ(x; t) = 2ω0
c0
Δx(t) (2.2)
???, Δx(t) = x(t + ΔT )− x(t)?ΔT ?????????????. Δx(t)?ΔT ??
???????, ????ΔT ?????? vˆ(x; t + ΔT/2)?????????.
vˆ
(
x; t +
ΔT
2
)
=
Δx(t)
ΔT
=
c0
2ω0
Δθ(x; t)
ΔT
[m/s] (2.3)
????, ??????? y(x; t)? y(x; t + ΔT )????, ????????????
????????????? 2???????????? (????)???, ?????
????????????????ΔT ?????????? vˆ(x; t+ΔT/2)?????
????????? [9].
?????????ΔT ????????????????? t??????????
x(t)??????????, ????????????????????.
xˆ(t + ΔT ) = xˆ(t) + vˆ
(
x; t +
ΔT
2
)
ΔT [m] (2.4)
???????????????, ???????????????????????,
?????????????????????.
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2.3.2 ??????????
???????????????????????????????????????
? (? 2.3(a)), 1?????????????????????????????????
??????????????????????????. ???, ?????????
??????????????, ???????????????.
?????? 35 μm????????????, ?????????????????
?????????????????????????. ? 2.3(b) ??????????
???????????. ? 2.3??, ???????????, ? 1.5 mm????.
ultrasonic
probe
μ(35   m)
water
wire
n
o
rm
al
iz
ed
 am
pl
itu
de
lateral distance [mm]
1.5 mm
ultrasonic
beam
LA
Ao
RV
LV
ultrasonic
beam
heart wall
motion
lateral
(b)
(a)
0
0.2
0.4
0.6
0.8
1
0 2 31 4 5
? 2.3: ?????????????????????????. (a) ?????????
???????????. (b) ??????????????????.
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???????????????????????????????????????
??????????????????????, ?????????????????
???????. ? 2.4(a)?, ?????????B???????, ??? 5?????
??????????????, ?????????????????????. ? 2.4(b)
?, ? 2.4(a)??????????????? (??)????M???????, 2.3.1
??????????????????????????????????????. ?
2.4(b)????? 5?????????????????????, ?????? 2.3(b)
???????????????. ? 2.3(b)??, ???????????R?????
II????????? 200 ms????? (????)????????????????
???????????????.
basal
side
apical
side
basal
side
apical
side Ao
RV
LA
LV
basal side
apical side
R-wave
second heart sound
ECG
PCG
20
 m
m
0 0.5 1.0 time [s]
IVS
(a)
(b)
? 2.4: ???????????????????????????. (a) ???????
?B????. (b) ??????????M????.
9
55
2.3.3 ??????????????
?????????? (????????)????????? 2?????????
?, ????????????????. ? 2.5?, ????????????????
??????? (?? 35 μm)???????????????????. ? 2.5??, ?
?????????????????, 0.5 μs????. ?????? c0 = 1540 m/s?
??????, ??????????? 770 μm?????. ????????????
??Δxs = c0/(2 × fs) = 51.3μm???????, N · Δxs > 770μm????????
?N = 16? 2????????. ???, ????????????? 2??????
16×Δxs = 821μm?????.
time [   s]μ
pulse length=0.5   sμ
n
o
rm
al
iz
ed
 am
pl
itu
de ultrasonicprobe
μ(35   m)
water
wire
 0
 0.2
 0.4
 0.6
 0.8
 1
 0  1  2  3  4  5  6
? 2.5: ????????????????.
2.3.4 ??????????????????????
? 2.6(b)??????, ???R????????? II????????? t = t0?,
???????Δd = 821 μm??????????????????Δd/4 = 205 μm?
???N ?????. ????Δd?????????????????? (? 2.5). ??
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t = t0?????????? i (i = 0, 1, 2, ?, N −1) ??? x1i ??? x2i???????
???????????????????????. ?? t = t0 ???? t0 ≤ t ≤ t0 + T
? t0 − T ≤ t ≤ t0????????????, ???????????????????
?????????????. ?????? T (= M ·ΔT )?? 2.4??, ???????
??????????????????????? (? 100 ms)?????. M ????
???????, ΔT = 1/(frame rate)??????????????????????.
???, tm ≡ t0 +m ·ΔT (m = −M,−(M − 1), ?, -1, 0, 1, ?, M − 1,M)???. ??
?? t0 ≤ t ≤ t0 + T ?????, m = 0????????? 2????????? t = tm
? t = tm+1???RF ?????????????? Δ̂θ(xi; tm)??, ? (2.3)????
?????????????? {xi}??? v̂(xi; tm) ?????.
v̂(xi; tm) = c0 · Δ̂θ(xi; tm)
2ω0 ·ΔT [m/s] (2.5)
???????????????ΔT ???????????????????????
t = tm+1?????? x̂i(tm+1) ???????????.
x̂i(tm+1) = x̂i(tm) + v̂(xi; tm) ·ΔT [m] (2.6)
???? t0 − T ≤ t ≤ t0???????m = 0?????m = −(M − 1)??????
???????????????????????????????????.
x̂i(tm−1) = x̂i(tm)− v̂(xi; tm−1) ·ΔT [m] (2.7)
?????????? t = t0???? t0 − T ≤ t ≤ t0 + T ??????? t????
?? i??? {x1i, x2i}??? {v(x1i; t), v(x2i; t)}?????. ????????????
???????????????????????????, ????????????
? [10, 11]. ?? t???? i????????????? Si(t)???????????
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{v(x1i; t), v(x2i; t)}????????????.
Si(t) =
v(x2i; t)− v(x1i; t)
Δd
[(m/s)/m] (2.8)
??????????????????, ?????????????????????
??. ????, Si(t)? i?????????? t?????????????????
???????. ??????????????????????????M?????
B?????????, ?????????????????????????????
?????.
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RV
LV
  −T0t 0t   +T0t
T = M TΔ: period for analysis (              )T
i-th layer
time
IVS
(d)
ultrasonic
beam
.
.
.
.
.
.
( ;  )t
 
 
 
v x
2v   x(
 -th layeri
;  )t
1i
i
0t=t
821 μmd=Δ
IVS
RV
IVS
shift with Δ m205 μd
RF acquisition area
PW
LV(b)(a)
LV
RV
Ao
LA
/4=
(layer thickness)
TΔ
t0TΔt0  − 0 ΔTt + TΔt0  − t0 0 ΔTt +
t0Δ (   )θ
Δθ 0  −t ΔT(        )
i-th layer
TΔ =1/(frame rate)
IVS
time
de
pt
h
de
pt
h
(c)
time
? 2.6: (a) ?????????RF ??????. (b) ???????????????
??????? (t = t0). (c) ?????????????????????. (d) i???
???????????.
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? 3 ?
???????????????????
??? in vivo??
3.1 ??
????, ? 2????????????????? in vivo???????????.
In vivo??????????????????????????????, ??????
??????????????R????? II???????, ???????????
??.
???R??????????????????, ????????????????
???? (? 2 ms)????, ?????????????.
??? II???????????????????????. ??????????, ?
??????????????????????????, ?????????????
???????????????? [12]. ???, ??????????????????
???????????, ?????????????.
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3.2 ???????????
? 3.1(a), 3.1(b)????????A (22??????)????B (23??????)?
B???????. ????????????????????????????, ??
?A????B???????????????????? 630 Hz? 592 Hz???. ?
??????????????, ?????????????????????????.
apical
side basal
side
LA
Ao
IVS
RV
RF acquisition area
LV
PW
10 mm 10 mm
apical
side
basal
side
5
4
3 2
beam number
Ao
LA
RV
IVS IVSLV
LA
Ao
RV
5
4
3 2 1beam number
1
LV
apical
side basalside
(a) (b)
? 3.1: ?????????B????. (a) 22?????? (???A). (b) 23????
?? (???B).
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3.2.1 ???R???? in vivo????
? 3.2, ? 3.3????????A????B?????? 2 ????R???????
?????????????. ????????????????R????? 160 ms,
170 ms???????????????. ? 3.2(a), ? 3.3(a)???????????M
???????. ? 3.2(b), ? 3.3(b)?? (2.8)????????????????M??
????????????????. ??????????? 3.2, ? 3.3 ??????
?????. ???????????????, ?????????????????. ?
3.2(c), (d), ? 3.3(c), (d)???????????????. ? 3.2(e), (f), ? 3.3(e), (f)?
????????????????????????????????????????
???. ? 3.2(b), ? 3.3(b)????, ??????????R ??? 30-40 ms ????
????????, ?????????????? 60-70 ms?????????????
????, ?????????????. R??????????????, ???Q?
????????????????????????????????, ???????
?????????????????, ??????????????????? 3.3.1?
?????. ??, ???????????????????????????????
?????. ??????????????????????????????????
???ms?????????.
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10 mm
thickness
increase in
decrease in
thickness
10 mm
LV
RV
160 ms time [s]
R-wave
60 ms40 ms
de
pt
h
de
pt
h
LV
PW
RV
IVS
(c)
(d)
(e)
(f)
(a) M-mode image
(b) Strain rate
ECG
PCG
velocity (IVS)
velocity (PW)70.0 mm/s
70.0 mm/s
-70.0 mm/s
-70.0 mm/s
0
0
? 3.2: ???R???????? (???A). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??
??? (IVS)??????????????????. (f) ???? (PW)???????
???????????.
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10 mm
thickness
increase in
decrease in
thickness
10 mm
RV
LV
R-wave
time [s]170 ms
30 ms 70 ms
de
pt
h
(d) PCG
velocity (IVS)
velocity (PW)
de
pt
h
LV
RV
IVS
PW
(b) Strain rate
(a) M-mode image
(c) ECG
(e)
(f)
-70.0 mm/s
70.0 mm/s
70.0 mm/s
-70.0 mm/s
0
0
? 3.3: ???R???????? (???B). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??
??? (IVS)??????????????????. (f) ???? (PW)???????
???????????.
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3.2.2 ??? II???? in vivo????
? 3.4, ? 3.5????????A????B????? II???????????. ?
3.4(a)-(f), ? 3.5(a)-(f)?????, ? 3.2(a)-(f), ? 3.3(a)-(f)???????. ? 3.4(b),
? 3.5(b) ????????????????, ?????????????????, ?
???????????????????????????????????. ????
??????????????????????? 15?30 ms, ???????????
???????????? 100?130 ms??????.
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thickness
increase in
decrease in
thickness
10 mm
10 mm
160 ms time [s]
15 ms
130 ms
second heart sound
RV
LV
de
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h
RV
LV
IVS
PW
de
pt
h
(c) ECG
(d) PCG
(e) velocity (IVS)
(f) velocity (PW)
(a) M-mode image
(b) Strain rate
70.0 mm/s
-70.0 mm/s
70.0 mm/s
-70.0 mm/s
0
0
T-wave
? 3.4: ??? II???????? (???A). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??
??? (IVS)??????????????????. (f) ???? (PW)???????
???????????.
20
66
10 mm
10 mm
increase in
thickness
decrease in
thickness
RV
LV
30 ms
100 ms
time [s]170 ms
(d) PCG
de
pt
h
de
pt
h
LV
RV
IVS
PW
(a) M-mode image
(b) Strain rate
70.0 mm/s
-70.0 mm/s
-70.0 mm/s
70.0 mm/s
0
0
(c) ECG
second heart sound
(f) velocity (PW)
(e) velocity (IVS)
? 3.5: ??? II???????? (???B). (a) M????. (b) M?????????
???????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ??
??? (IVS)??????????????????. (f) ???? (PW)???????
???????????.
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3.2.3 ???R??????II??????2????????????
??????????????????????????,??????????B??
??????????????? 2???????????????. R ???? II??
??????????????? 2????????, ???????????????
????????????, ???A?B??????? 3.6, ? 3.7???. ? 3.6, ? 3.7
??????????????????????????????????. ?????
??????, ?????????????????????????????????
???????????????.
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ECG
PCG
(a) (b) (c) (d) (e) (f)
Ao valve closure
0 0.1 0.2 0.3 0.4 0.5 0.624
26
28
30
32
34
36
38
40
42
time [s]
w
id
th
 o
f L
V
 ch
am
be
r [
mm
]
beam2
beam1
beam3
beam4
beam5
? 3.6: ???R?????? II?????????????????? (???A). (a)
???R?. (b) ?????? (IC). (c) ?????. (d) ???. (e) ?????. (f) ??
????.
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ECG
PCG
(a)(b) (c) (d) (e) (f)
Ao valve closure
15
20
25
30
35
40
45
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
time [s]
w
id
th
 o
f L
V
 ch
am
be
r [
mm
] beam2
beam3
beam5
beam4
beam1
? 3.7: ???R?????? II?????????????????? (???B). (a)
???R?. (b) ?????? (IC). (c) ?????. (d) ???. (e) ?????. (f) ??
????.
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? 3.6, ? 3.7?????????????????????????????????
?????.
? 3.6(a), ? 3.7(a)????R??????????? 2?????????????
??. ????????, ?????????? (?)????????????????
???? (?)?????.
? 3.6(b), ? 3.7(b)????????????. ?????????????????
???????????, ??????????????. ??, R??????????
????????????????????????????????????????.
????????? 3.6, ? 3.7??????????????????????, ???
???????????. ????????????????????????????
??, ?????????????????????????????. ???????
????????? 3.2.4 ??????????????????????.
? 3.6,? 3.7? (c)? (d) ???????????????????. ? 3.6(c), ? 3.7(c)
??, ??????????????????????????????, ? 3.6(d), ?
3.7(d)??????????????????????????????????. ??,
? 3.6(c), ? 3.7(c) ???????????????????????????????
??????, ????????????????????????, ?????????
????????????. ??????????, ????????????????.
? 3.6(e), ? 3.7(e)???? T????????????????. ????????
???????????????????, ????????????????????
?????????????????.
? 3.6(f), ? 3.7(f) ???????? [13]????????????. ????????
???????????????????, ????????????????????
????????. ???????????????????????????????
??????????. ??, ??????????????????????????
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????????????????.
????????????, ?????????????????????????, ?
?????????????????????????????????????. ??
?????, ???????????????????????. ??????????
???, ???????????????????????????. ?????, ???
????????????????????????????????.
26
72
3.2.4 ???R????2????????????
3.2.3???, ???R?????? II?????????????????????
?. ????, ???R?????????????????????????????
?. ???????????????????????, ??????????????
????????????, ?????????????.
? 3.8,? 3.9?, ???A????R???????R???? 3.2 ms???????
??????????????. ? 3.8 ??, ????????????????????
???? (?)???????????????? (?)????, ???????????
???. ???R????????, ???????????????????????.
? 3.9????R??????????, ???R?????????????????
????????????, ?????????????????????. ?????
?????????????????, ??????? [17]?????????????
?????????????????.
?????????????????????????????, ?????????
???????????????????????????????. ??, ??????
???, ????????????????????????????????????.
??? B?????? 3.10,? 3.11?, ??????? R ??????? R????
3.4 ms?????????????????. ???A ????, ???R??????
?????????????, ?????????????????, ????????
?????????????????????????.
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73
decrease in
thickness
increase in
thickness
apical
side
basal
sideLV
IVS
PW
RV
LA
Ao
ECG
PCG
R-wave
time60 ms
10 mm RV
LV
R-wave
? 3.8: ???R??????? 3.2 ms?????????????? (???A).
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decrease in
thickness
increase in
thickness
apical
side
basal
side
apical
side
basal
sideLV
IVS
PW
RV
LA
Ao
ECG
PCG
time
Ao valve close
R-wave
Mitral valve close
R-wave
10 mm RV
LV
Mitral valve close
Ao valve open
92 ms
? 3.9: ???R??????? 3.2 ms?????????????? (???A).
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75
decrease in
thickness
increase in
thickness
apical
side
basal
side
apical
side
basal
sideLV
IVS
PW
RV
LA
Ao
ECG
PCG
time
R-wave
RV
LV
10 mm
R-wave
64 ms
? 3.10: ???R??????? 3.4 ms?????????????? (???B).
30
76
decrease in
thickness
increase in
thickness
apical
side
basal
side
apical
side
basal
side
ECG
PCG
time
Ao valve close
R-wave
R-wave
10 mm RV
LV
LV
IVS
PW
RV
LA
Ao
Mitral valve close
Ao valve open
Mitral valve close
98 ms
? 3.11: ???R??????? 3.4 ms?????????????? (???B).
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? 3.12???? A??????? R??????????????????, ???
??????????????????????. ? 3.12(c)?????, ???????
?????????????????. ? 3.12(d)?????, ? 3.12(c)???????
???????????????????????????. ????????????,
?????, ???????????????????????. ??????????
??, ??? P?????????????????, ???R???????????
?????. ????????????, ?????????????????????
?. ?????????????????????, ?????????.
??? B????????????? 3.13???. ??? B???????? A???
????????.
???????????????????????????????????????
?????, ??????????????????????????. ??, ?????
?????????????????, ??????????????????????
?????, ????????????????????????, ?????????
?????????????.
32
78
153
183
increase in
thickness
decrease in
thickness
Ao valve open
9.5 ms
9.5 ms
9.5 ms
9.5 ms
9.5 ms
LV
10 mm
Mitral valve close
5
4
3
2
1
RV
Mitral valve3 2
LA
PW
Ao
RV
IVSLV
beam number
5 4
1
(d) speed of change in
width of LV chamber
Ao valve open
R-wave
IC
beam1
beam1
Mitral valve close
w
id
th
 o
f L
V
 ch
am
be
r [
mm
]
0
32
34
36
38
40
42
44
0 50 100 150 200 250 300
time [ms]
-60
-40
-20
20
40
P-wave
(a) ECG
(b) PCG
(c) width of LV chamber
(e) strain rate distribution in
isovolmic contraction phase (IC)
beam2
beam3
beam4
beam5
beam5
beam4
beam3
beam2
sp
ee
d 
of
 ch
an
ge
 in
w
id
th
 o
f L
V
 ch
am
be
r [
mm
/s]
? 3.12: ???R??????????????????? (IC)???????????
????? (???A). (a) ??? (ECG). (b) ??? (PCG). (c) ???????????
??????????. (d) ?????????????????????. (e) ????
?? (IC)????????????????.
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153
183
increase in
thickness
decrease in
thickness
Mitral valve3 2
LA
PW
Ao
RV
IVS
beam number
5 4
1
LV
Ao valve open
LV
10 mm RV
10 ms
10 ms
10 ms
10 ms
5
4
6.8 ms
Mitral valve close
3
2
1
Mitral valve close
R-wave
0 50 100 150
time [ms]
300-60
-40
-20
0
20
40
25
30
35
40
45
250200
IC Ao valve open
P-wave
60
(a) ECG
(b) PCG
w
id
th
 o
f L
V
 ch
am
be
r [
mm
/s]
sp
ee
d 
of
 ch
an
ge
 in
beam1
beam2
beam3
beam4
beam5
beam3
beam4
beam5
beam1
beam2
(d) speed of change in
width of LV chamber
(e) strain rate distribution in
isovolmic contraction phase (IC)
w
id
th
 o
f L
V
 ch
am
be
r [
mm
]
(c) width of LV chamber
? 3.13: ???R??????????????????? (IC)???????????
????? (???B). (a) ??? (ECG). (b) ??? (PCG). (c) ???????????
??????????. (d) ?????????????????????. (e) ????
?? (IC)????????????????.
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3.2.5 ??? II????2????????????
? 3.14, ? 3.15????? II???? 2?????????????, ???A, B??
????????. ? II????????????????????????A , ???
B???????? 3.2 ms, 3.4 ms ??????????????. ?????????
????????????, ???????????????????????????
???????. ??, ????????????? [13]??????????????
????????????.
decrease in
thickness
increase in
thickness
10 mm
apical
side
side
basal
time [s]1.00.50
ECG
PCG second heart sound
Ao valve closure
IVS
RV
LV
PW
307 ms after R-wave
35 ms
? 3.14: ??? II??????? 3.2 ms?????????????? (???A).
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81
decrease in
thickness
increase in
thickness
ECG
PCG
10 mm
side
apical
basal
side
time [s]0.5
second heart sound
0
RV
IVS
PW
LV
311 ms after R-wave
Ao valve closure37 ms
? 3.15: ??? II??????? 3.4 ms?????????????? (???B).
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3.2.6 ????????????????????
?????????????????????????????????????. ?
???, ??????????????????????????????, ?????
???????????. ? 3.16?, ???A???????????????????
??????????, ???R?????????????????????????
??????????????. ???????? 3.16????????, ??????
????????????????????????????????????????
??????????????. ??? B????????? 3.17???. ???A, B
???????? 3??, 2???????????????. ????????????
?????????????????????????, ??????????????
??????????????????????. ????, ????????????
??????????????????????.
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83
beam1
4 3 15 2
de
la
y 
fro
m
 R
-w
av
e [
ms
]
440
420
400
380
320
340
360
300
beam number basal sideapical side
thickness
decrease in
increase in
thickness
PW
10 mm
5
4 3
12
LV IVS
beam number
R-wave ECG
PCG
10 mm
2
3
4
5
LV
PW
0 0.5 time [s]
second heart sound
1st beat
2nd beat
3rd beat
? 3.16: ???R????????????????????????? (???A).
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84
beam1
5 3 2 14
440
420
400
380
360
320
340
300
de
la
y 
fro
m
 R
-w
av
e [
ms
]
basal sideapical side beam number
increase in
thickness
decrease in
thickness
PW
5
34 2 1
LV IVS
beam number
10 mm
R-wave
0
second heart sound
0.5 time [s]
ECG
PCG
10 mm
2
3
4
5
1st beat
2nd beat
? 3.17: ???R????????????????????????? (???B).
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3.3 ????????????
? 3.18(a), 3.18(b)???? C (24??????)????D (22??????)???
????????B???????????. ???????????????????
???????, ???C????D???????????????????? 560 Hz
? 599 Hz???. ???????????????, ????????????????
?????????.
??????????, ???????? 3.2??????????????????
?????????. ??????????????????, ???????????
???????. ??, ??????????????, ???????????????
???????????????????????????, ????????????
???????????.
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86
PW
side
apical
side
basal
side
basal
PW beam
number
side
apical
beam
number
PW
IVS
apical
side
basal
side
LV
RV
LA
Ao
RF acquisition area
LA
10 mm
Ao
LV
10 mm
1
8
LV
LA
IVS IVS
8
1
(a) (b)
? 3.18: ??????????B????. (a) 24?????? (???C). (b) 22???
??? (???D).
3.3.1 ???R???? in vivo????
???????????????????????????????, ???R ???
?????????, ??????????????????. ???R ???????
????????????????????, ???????????????????
??. ?????????????????????????????????, ???
??????????????????????????.
? 3.19?? 3.18(1)???????C????????????????3??????
??????????????. ??????????R????±144 ms (±80 frames)
???????????????.? 3.19(a)???????????????M???
41
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????. ? 3.19(b)?? (2.8)?????????????????? 3.19??????
???????M???????????????. ???????????????
????????????, ???????. ? 3.19(c), (d)???????? (ECG)?
??? (PCG)???. ? 3.19(e)?????? 3??????????????????
????????.
? 3.20?? 3.18(2)???????D???????????????? 2??????
??????????????, ???R????±134 ms (±80 frames) ??????
?????????. ? 3.20(a)-(e)?????? 3.19(a)-(e)???????.
? 3.19(b), ? 3.20(b)??????????????????, ???R??????
???????????????????? 40-50 ms????????????.
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88
IVS
apical side
apical side
10 mm
144 ms
R-wave
40 ms
time [s]
70.0 mm/s
0
de
pt
h
-70.0 mm/s
20 ms
10 mm
de
pt
h
(b) Strain rate
(c) ECG
(d) PCG
(e) velocity
(a) M-mode image basal side
basal side
shortening
elongation
? 3.19: ??? R???????? (??? C). (a) M????. (b) M???????
?????????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e)
????? (IVS)??????????????????.
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89
(a) M-mode image
(b) Strain rate
IVS
apical side
basal side
apical side
basal side
(c) ECG R-wave
(d) PCG
(e) velocity-70.0 mm/s
0
70.0 mm/s
time [s]
10 mm
de
pt
h
10 mm
de
pt
h
50 ms
70 ms
134 ms
elongation
shortening
? 3.20: ???R???????? (???D). (a) M????. (b) M???????
?????????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e)
????? (IVS)??????????????????.
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3.3.2 ???R????2????????????
? 3.21????C????R????????????????? 1.8 ms ?????
????. ? 3.21?????R??? 40 ms??Q ?????????, ???????
????????????????????. ???????????????????
0.8 m/s????. ?????????????????, ???? 0.3-1.0 m/s????
???????? [15], ??????????. ???Q??????????????
????? [16]?????, ???????????????????????????
????.
??, ???R?????????????????????????????????
????????.
???R???????????????? 3.6 ms???????????????
? 3.22???. ???R?????????????????????????????
???????????????. ??? (mitral valve)?????????? (Ao valve)
??? [17]????????????, ????????????? 3.2.4???????
????????????. ???????????????????????????
????????????.
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184
LA
LV
AoPW
IVS
RV
basal side
apical side
LV
IVS
time
ECG
PCG
R-wave
10 mm
shortening41 ms
R-wave
apical side
basal side
elongation
? 3.21: ???R??????? 1.8 ms?????????????? (???C).
46
92
184
220
LA
LV
AoPW
IVS
RV
basal side
apical side
LV
IVS
time
ECG
PCG
10 mm
shortening
apical side
basal side
R-wave
82 ms
R-wave
Mitral valve close
Ao valve open
Ao valve openMitral valve close elongation
? 3.22: ???R??????? 3.6 ms?????????????? (???C).
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? 3.23????D????R????????????????? 1.7 ms ?????
????. ? 3.23??, ???C???????R??? 40 ms??Q ???????
?????????????????????????????. ???R??????
???????????????????????????. ????????????
? 0.7 m/s????C????????. ???C?????????????????,
????????????????????????????????????????
???.
???R???????????????? 3.4 ms???????????????
? 3.24???. ???R?????????????????????????????
???????, ???????????????.
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94
LA
LV
AoPW
IVS
RV
ECG
shortening
apical side
basal sidetime
R-wave
PCG
38 ms
R-wave
Q-wave
LV
10 mm
basal side
apical side
elongation
IVS
? 3.23: ???R??????? 1.7 ms?????????????? (???D).
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184
207
LA
LV
AoPW
IVS
RV
time
ECG
PCG
shortening
apical side
basal side
R-wave
Mitral valve close
LV
IVS
Ao valve open
Ao valve open
77 ms
10 mm
R-wave
apical side
Mitral valve close
basal side
elongation
? 3.24: ???R??????? 3.4 ms?????????????? (???D).
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3.3.3 ??? II???? in vivo????
???? II??????????? R???????????. ??? II?????
??????????????????, ???????????????????.
? 3.25???? C?????? 3??????? II???????????????
?????. ???? 3.26????D?????? 2????????????????
?????????. ? 3.25(a)-(e), ? 3.26(a)-(e)?? 3.19(a)-(e), ? 3.20(a)-(e)????
???????.
? 3.25, ? 3.26(b)???????????????????????????????
?, ?????????????ms???????????.
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(a) M-mode image
(b) Strain rate
basal side
apical side
basal side
apical side
IVS
10 mm
144 ms time [s]
de
pt
h
10 mm
de
pt
h
0
-70.0 mm/s
70.0 mm/s (e) velocity
(d) PCG
(c) ECG
T-wave
second heart sound
15 ms
elongation
shortening
? 3.25: ??? II???????? (??? C). (a) M????. (b) M???????
?????????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e)
????? (IVS)??????????????????.
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(a) M-mode image
(b) Strain rate
basal side
apical side
basal side
IVS
apical side
0
time [s]
10 mm
de
pt
h
10 mm
de
pt
h
134 ms
(e) velocity
(c) ECG
elongation
shortening T-wave
second heart sound(d) PCG
30 ms
-70.0 mm/s
70.0 mm/s
? 3.26: ??? II???????? (???D). (a) M????. (b) M???????
?????????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e)
????? (IVS)??????????????????.
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3.3.4 ??? II????2????????????
? 3.27????C???? II???????????????????? 1.8 ms ??
???????. ? 3.27??, ??????????????????????????
?????????????????????.
? 3.28????????????D??????. ? 3.28??, ???????????
?????????????????????. ???C???????D??????
???????????, ????????????????????????.
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100
377
LA
LV
AoPW
IVS
RV
apical side
basal side
LV
10 mm
ECG
PCG
time
R-wave
second heart sound
basal side
IVS
apical
side
309 ms after R-wave
30 ms
309 ms Ao valve close
elongation
shortening
? 3.27: ??? II??????? 1.8 ms?????????????? (???C).
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381
398
LA
LV
AoPW
IVS
RV
apical
side
time
ECG
PCG
shortening
apical side
basal side
elongation
LV
IVS
basal side
10 mm
314 ms after R-wave
R-wave
Ao valve close314 ms
28 ms
second heart sound
? 3.28: ??? II??????? 1.7 ms?????????????? (???D).
3.4 ??
????, ????????????????? in vivo??????. ???????
?????????????? (? 1/600 s)??????????, ?????????
?????. ???R???????, ??????????????????????
?. ??, ???????????????????????????? 15-130 ms??
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?????????. ????????????, ?????????????????
??????. ???????? in vivo ???????, ??????????????
?????.
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? 4 ?
???????????????????
??????
4.1 ??
????, ??????????????????????????????????
????. ???R??????????????? II???????????????
?????, ???????????????????????????.
4.2 ?????????????????????? in vivo
??
? 4.1?????????? (79???, ???????? (LAD #7), ??????)
???????????? B???????. ????????????????? 10
???????????, ??????????????? 490 Hz???. ??????
??????????????????????.
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LA
RV
Ao
4
10
1614
1
7
10 1 beam number
10 mm
LV
? 4.1: (a) ????????? (79???, ?????? (#7))???????????
?B????. (b) ???????????????? [17].
4.2.1 ???R???? in vivo????
? 4.2?? 4.1????????????????????????????? 5???
?????????????????. ??????????R????±163 ms (±80
frames) ???????????????.? 4.2(a)???????????????M
???????. ? 4.2(b)?? (2.8)?????????????????? 4.2???
??????????M???????????????. ?????????????
??, ???????. ? 4.2(c), (d)???????? (ECG)???? (PCG)???. ?
4.2(e)?????? 5??????????????????????????.
? 4.2(b)??, ? 3.19(b)?? 3.20(b)????????????, R?????????
??????????????????.
59
105
IVS
basal side
apical side
(b) Strain rate
(a) M-mode image
shortening
elongation
basal side
10 mm
163 ms time [s]
(e) velocity
(d) PCG
(c) ECG
70.0 mm/s
0
-70.0 mm/s
R-wave
de
pt
h
10 mm
de
pt
h
apical side
30 ms
? 4.2: ??? R????????. (a) M????. (b) M????????????
????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ?????
(IVS)??????????????????.
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4.2.2 ???R????2????????????
? 4.3, ? 4.4????????R????????????, ???????????
???? 2 ms ?????????????????. ??????????? 4.5, ? 4.6
???????. ??????????????? 10????????, ???????
?????? 1????? 8??????????????. ? 4.3, ? 4.5??, ???R
??? 40 ms?????????????????????????? (??)????
???????. ??? R???????????????????? (??)????
????????, ????????????????????? (? 4.4, ? 4.6). ? 4.3,
? 4.4, ? 4.5, ? 4.6?????R????????????, ????????????
??????????.
???, ?????????????????????????????? (??), ??
??????????. ?????, ???????????????????????
??????, 4.3?????????.
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107
elongation
shortening
PCG
ECG
time
R-wave
Mitral valve close
80 ms
10 mm
Mitral valve close
R-wave
? 4.3: ??? R????????????? 2 ms?????????????? (1?
?).
62
108
elongation
shortening
10 mm
Mitral valve close
PCG
ECG
time
R-wave
Ao valve openMitral valve close
Ao valve open
59 ms
? 4.4: ??????? 2 ms?????????????? (1??).
63
109
PCG
ECG
time
R-wave
80 ms
Mitral valve close elongation
shortening
10 mm
Mitral valve close
R-wave
? 4.5: ??? R????????????? 2 ms?????????????? (2?
?).
64
110
elongation
shortening
R-wave
Mitral valve close
PCG
ECG
Ao valve open
time59 ms
10 mm
Mitral valve close
Ao valve open
? 4.6: ??????? 2 ms?????????????? (2??).
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4.2.3 ??? II???? in vivo????
???? II??????????? R???????????. ??? II?????
??????????????????, ???????????????????.
? 4.7?????? 5??????? II????????????????????.
? 4.7(a)-(e)?? 4.2(a)-(e)???????????.
? 4.7(b) ????????????????????????????????, ???
??????????ms??????, ??????????????.
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112
IVS
basal side
apical side
(b) Strain rate
shortening
elongation
basal side
(a) M-mode image
163 ms time [s]
(e) velocity
(d) PCG
(c) ECG
0
de
pt
h
10 mm
de
pt
h
apical side
10 mm
second heart sound
T-wave
70.0 mm/s
-70.0 mm/s
30 ms
? 4.7: ??? II????????. (a) M????. (b) M????????????
????????????? Si(t). (c) ??? (ECG). (d) ??? (PCG). (e) ?????
(IVS)??????????????????.
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4.2.4 ??? II????2????????????
? 4.8, ? 4.9??????????? 2?????? II??????????????
?????? 2 ms ?????????. ? 4.8, ? 4.9??, ?????????????
????????????????????????, 3.3.4?????????????
????????. ??, ????????????????????????????
??? (?) ??????, ????????????? (?)?????.
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114
elongation
shortening
Ao valve close
ECG
PCG
time80 ms
280 ms
second heart sound
R-wave
280 ms from R-wave
10 mm
Ao valve close
? 4.8: ??? II??????? 2 ms?????????????? (1??).
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115
elongation
shortening
Ao valve close
ECG
PCG
time80 ms
280 ms
second heart sound
R-wave
Ao valve close
280 ms from R-wave
10 mm
? 4.9: ??? II??????? 2 ms?????????????? (2??).
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116
4.3 ?????????????????
4.2????????????????, ???R????? II???????????
??????. ?????R????????????????, ??????????
?????????????????????????.
????, ???????????????? 2???????????????.
4.3.1 ???R??????????????????????
? 4.10???? R?????????? 5???????????????????
????? 2????????. ? 4.10(1), (2)????? 1??, 2????????. ?
4.10(a), (b), (c)????????????R?? 41 ms? (20?????), ???R?,
??? R?? 41 ms(20?????)????????????? 5?????????
????????. ????? 4.2.2???????????????????????
?. ???R ????????????±82 ms (±40 ????)???????????
??????????? 4.10(d)???. ??????????????????, B??
????????????? (? 4.10(e))?, ???R?????B???? (? 4.10(f))
??????.
???????????????? 2???? (? 4.10(e))??, ??????????
????????????????????, ???????????????????
???. ???? 2??????????????????????, B???????
?????????????????????????. ??????????????
???????, ???????????????????. ??????, B?????
????????, ???????????????????, ???????????
??????????????.
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elongation
shortening
 0  0.5  1  1.5  2-6 -2  0  2-4 -6 -2  0  2-4-6 -2  0  2-4
[(m/s)/m] [(m/s)/m] [(m/s)/m] [(m/s)/m]
B-mode image
at R-wave
B-mode image
at R-wave
 0  0.5  1  1.5  2
-2 -1  0  1  2 -2 -1  0  1  2-2 -1  0  1  2
(d)(c)(b)(a)
[(m/s)/m][(m/s)/m]
de
pt
h
10 mm
Strain rate [(m/s)/m] [(m/s)/m]
(1) first beat
41 ms 41 ms
(a) (b) (c) (d)
5 5 5
5
555
10 mm
de
pt
h
(2) second beat
(e) (f)
(e) (f)
5
average of magnitude
of strain rate
average of magnitude
of strain rate
R-wave
R-wave
? 4.10: ???R?????????? 5???????????????????. (1)
1??. (2) 2??. (a) R???? 41 ms. (b) R?. (c) R???? 41 ms. (d) R????
±82 ms?????????????????. (e) ?????????????????
2????. (f) ???R??B????.
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4.3.2 ??? II??????????????????????
??? II???????????????????????????????. ? 4.11
???? II?????????? 5????????????????????????
2????????. ? 4.10(1), (2)????? 1??, 2????????. ? 4.11(a), (b),
(c)???????????????? 41 ms?, ??????, ??????? 41 ms?
???????????? 5?????????????????. ????? 4.2.4??
???????????????????????????. ? 4.11(b)???????
???????????±82 ms (±40 ????)??????????????????
???? 4.11(d)???. ??????????????????, B?????????
?????? (? 4.11(e))?, ??????????B???? (? 4.11(f))??????.
???R????????, ??????????????????????????
??????????????. ????, 2?????????????????, ??
???????????????????. ???, ??????????, ??????
????????????????????????????????????????
???????.
???R????????????????????, ???????????????
???????????, ????????????????????????????
????. ????????????????????????, ???R??????
??????????????????????.
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765
1268
elongation
shortening
B-mode image
at Ao valve closure
B-mode image
at Ao valve closure
(a) (b) (c) (d)
555
10 mm
de
pt
h
[(m/s)/m] [(m/s)/m] [(m/s)/m] [(m/s)/m]
(1) first beat
41 ms 41 ms
5 5 5
5
(2) second beat
(d)(c)(b)(a)
[(m/s)/m]Strain rate [(m/s)/m] [(m/s)/m][(m/s)/m]
10 mm
de
pt
h
5(e) (f)
(e) (f)
 0  1  2  3
average of magnitude
of strain rate
average of magnitude
of strain rate
-4 -2  0  2  4  6 -4 -2  0  2  4  6 -4 -2  0  2  4  6  0  1  2  3
-2  0  2  4-2  0  2  4-4
Ao valve close
Ao valve close
-4 -2  0  2  4  6-4  6 6
? 4.11: ??? II?????????? 5???????????????????. (1)
1??. (2) 2??. (a) ??????? 41 ms?. (b)??????. (c) ??????? 41
ms. (d) ?????????±82 ms???????????????????????.
(e) ????????????????? 2????. (f) ????????B????.
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4.4 ???R?????????????????????
??
4.3?????????????????????, ????????????????
?, ???R??????????????????????????????????
??.
????, ???R???????????????, 3.3????????? 2????
???????????????????.
? 4.12?, ???R???±82 ms???????????????????????
?????, ??? 2?????????????????. ?????????????
??, R???????????????????????????????. ? 4.12(a),
(b)????? 3.3???????? C, D????????????????????.
? 4.12(c)????????????????, ??????????????? 4.12(a),
(b)?????????????.
? 4.12??, ?????????????????????????????????
??, ????????????????????????. ????????????
??, ? 4.2?M????????????????????????????????
??????. ?????????????????????????, ???????
????????????????????, ???R???????????????
?????, ??????????????????????????. ??, ?????
???????????????????? [18]?????, ????????????
????????????????, ???????????????????????
????????????.
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LV
LA
Ao
RV
PW
apical side
basal side
82 ms+
LV LV
LV
(c) old myocardial infarction(a) normal subject A (b) normal subject B
R-wave
time
ECG
? 4.12: ???R???????????????????????. ??? R ???
±82 ms?????????????????????????????????. (a) ?
??A. (b) ???B. (c) ?????????.
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4.5 ??
????, ?????????????????????????, ????????
???. ??, ??? R????????????????, ????????????
??????. ???, ?????????????????????????????,
???R????????????????????, ???????????????
?????????????.
????????, ??????????????????????, ????????
???????????????????????????????????? [18]. ?
???, ???????????????????????????????, ????
????????????????????????????. ???, ???????
?????????????????????????????, ??????????
?????.
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? 5 ?
??
?????, ????????????????????, ?????????????
???????????. ???????????????.
? 1???, ????????????, ????????????????.
? 2???, in vivo??????????????????????????????
?????????????????. ??, ???????????????????
??????, ???????????????, ?????????????????
???????????????????????.
? 3???, ????????????????? in vivo??????. ??????
??????????????? (? 1/600 s)??????????, ????????
??????. ???R???????, ?????????????????????
??. ??, ???????????????????????????? 15-130 ms?
??????????. ????????????, ????????????????
???????. ???????? in vivo ???????, ?????????????
????????.
? 4???, ???????????????????????, ??????????
??????????????????. ?????????????????????
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?????????, ????????????. ???, ??????????????
????????????.
????, ?????????????????????????.
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